Abstract
Introduction
Today, attempts to estimate primary production from space utilize algorithms which incorporate phytoplankton photophysiology [Lewis, 1992] . These algorithms are generally based upon a mechanistic understanding of the photosynthesis-irradiance (P-I) relationship [Morel, 1991; Bidigare et al,1992] . However, first attempts to derive primary production rates from variables which are determinable by remote sensing, namely surface irradiance and chlorophyll content, have relied on empirical relationships [e.g., Morel, 1978] . Falkowski [1981] postulated that daily integrated rates of primary production could be modeled as a direct function of the product of surface irradiance Q PAR (0*)) (mol quanta m -2 d -1 ) and an estimate of areal chlorophyll a (g Chl a -1 ), through an efficiency factor called the column light utilization index ψ (g C (g Chl a) -1 m -2 (mol quanta) -1 ) (see Table 1 for notation) :ψ= ρ/ Q PAR (0*)(Chl) By expressing surface irradiance and primary production in energy equivalent, Morel [1978 Morel [ , 1991 proposed a similar index, ψ* (m 2 g Chl a -1 ), the column photosynthetic cross section: ψ* = 39P/ Q PAR (0*) (Chl) where the constant value of 39 corresponds to the kilojoules of chemical energy stored by the photosynthetic fixation of 1 g C and Q PAR (0*) is expressed as energy (kJ m -2 d -1 ). The conversion from ψ to ψ* is achieved with a nondimensionless conversion factor, such that ψ= 6.174 ψ* [Morel, 1991] .
Morel [1978] and Piatt [1986] reviewed various trophic situations in temperate and tropical oceans and observed that ψ* varies by ± 50 % (at 1 standard deviation) around a central value of 0.07 m 2 g Chl a -1 . Such an a priori consistency and stability for this biogeochemical index are of great hope in view of mapping primary production at a global scale. Recently, Prasad et al. [1995] estimated similar values for coastal waters of the Gulf of Mexico and
Claustre and Marty [1995] have found comparable results for the tropical North Atlantic.
However, higher and more variable values for ψ* were reported by Campbell and O'Reilly [1988] for the northwest Atlantic continental shelf, by Siegel et al. [1995] for the Bermuda Atlantic Time-Series study (BATS) and by Balch and Byrne [1994] for an analysis at a global scale. While experimental or analytical differences may explain the discrepancies in different estimates of ψ* [Campbell and O'Reilly,1988; Siegel et al., 1995] , it is equally possible that systematic variations in ψ* do occur in nature. Understanding these sources of variability will lead to future development of more accurate remote-sensing algorithms. Morel [1991] , using a modeling approach, addressed potential sources of variability in ψ* by documenting the effect of incident irradiance changes (mostly driven by latitude, seasonality, and cloudiness) as well as the effect of chlorophyll a variations (driven by trophic conditions). *Unless explicitly specified in the text, the integrated or mean quantities refer to the layer between surface and Zt.
The variations in these input variables account for part of the variability of ψ* recorded in the field studies, with the remainder of this variability likely resulting from biological sources, namely from the photophysiological parameters typical of the algal assemblages .
Reconciling empirical estimates of primary production with a mechanistic understanding of phytoplankton photophysiology has been the focus of many studies [e.g., Piatt, 1986; Campbell and O'Reilly, 1988] . In particular, the biooptical model of Morel [1991] explicitly combines the P-I formulation and phytoplankton absorption properties to quantify ψ*. Using some simplifications, essentially ψ * can be expressed as
where ā* is the spectrally averaged chlorophyll-specific absorption (g Chl a m -2 ) and Φ * (dimensionless) can be considered as a depth-time averaged quantum yield for photosynthesis, where carbon fixed and light absorbed have been both expressed in their energetic equivalent.
The factor of 4.6 accounts for ψ* being calculated for the euphotic zone (from the surface to the depth where the radiant flux falls to 1% of its surface value. This factor is 6.9 if the layer considered extends to the depth of the 0.1% surface irradiance).
Analyzing the source of variability of the photophysiological parameters may therefore allow better understanding of the variability in the biogeochemical index ψ*. Quantum yield for photosynthesis and phytoplankton absorption are primarily light dependent [Kiefer and Mitchell, 1983] . Increasing evidence also suggests the dependency of these parameters upon the nutrient status [Cleveland et al., 1989; Marra and Bidigare, 1994] or more generally upon the trophic status [Wozniak et al., 1992; Bricaud et al., 1995; Babin et al.,1996] , as well as upon algal pigmentation [Bidigare et al.,1989; Lìndley et al, 1995; Babin et al., 1996] , temperature [Tilzer et al., 1985; Schofleld et al., 1993] , and differently ranked combinations of the above [Schqfield et al., 1993] . Given the recent documentation of the variability in these parameters, some of the discrepancies recorded in ψ* for historical data may be explained.
For the Southern Ocean, documentation of phytoplankton distribution, in situ rates of primary production, and associated photophysiological efficiency have been generally lacking.
Therefore the accuracy of biooptical algorithms for prediction of Antarctic primary production on different timecales and space scales remains uncertain. The Southern Ocean has nevertheless received increasing attention in the context of the global change. Examples of this recent interest include : the capacity of those areas to respond to increasing anthropogenic C02 through biological sequestration [Martin et al, 1990 a, b; as well as the potential negative effect of UVB on carbon fixation in surface waters [e.g., Smith et al.,1992; Arrigo, 1994] . Such topics clearly deserve to be investigated for the entire Southern Ocean using remote sensing and appropriate biooptical models to track phytoplankton productivity. In addition, present biooptical models are generally based on parameters derived from temperate or tropical latitudes. Therefore the problem of specific parametrization relevant to polar latitudes has to be addressed. Indeed, the seasonal seice dynamics, the strong seasonality in incident irradiance, and the variability in wind-and density-induced upper ocean mixing are unique to polar environments and are recognized as determinant forcing variables of phytoplankton dynamics [Whitaker, 1982; Rivkin and Putt, 1988; Moline and Prézelin, 1996a] .
As part of the Palmer Long Term Ecological Research (LTER) program [Ross and Quentin, 1992; Smith et al., 1996a] , a large database of primary production, algal pigmentation, and incident irradiance was acquired over a 3-year period (1991) (1992) (1993) (1994) ) from late to early winter for a coastal Antarctic region. Even though the sampling stations were in shallow water, analyses
shows that case I water predominated for most of the samples collected and enabled us to make comparisons relevant to the high-nutrient, often low-biomass waters of the Southern Ocean.
Using this highly resolved data set, the column photosynthetic cross section has been derived for 151 sample dates and the sources of variability have been assessed as a function of season and cloudiness, as well as phytoplankton biomass, photophysiology, and taxonomic dominance.
Materials and Methods

Sampling
During the austral spring/summer seasons of 1991-1994, intensive vertical profiling of physical, optical, biological, and chemical parameters related to phytoplankton dynamics was carried out at two coastal stations (B and E) within the nearshore grid of the Palmer Long Term Ecological Research program [Waters and Smith, 1992] (Figure 1 ). To date, this is the highest temporally resolved database for the Southern Ocean. It represents a sampling frequency of once every 4.5 days over a 3-year interval, with 151 vertical profiles collected for determination of primary production and associated photosynthetic parameters. For details of the depth/time distribution of discrete samples, see Moline and Prézelin [1996b] . Sampling was conducted from Additionally, surface irradiance for clear-sky conditions was computed (D. Antoine, personal communication, 1996) according to Morel [1991] using standard conditions (350 Dobson units for ozone content, 2-cm precipitable water content, marine aerosol, and visibility of 23 km).
Conversion from light energy to quanta was performed using a factor described by Morel and Smith [1974] for aquatic environments (2.5 x 1018 quanta per joule). From the in-water light field data, percent light depths expressed as the fractional ratio Q PAR (z) to Q PAR (0 + ) were determined for the sampling depths and then interpolated (linear interpolation of logtransformed data) vertically in the water column over 1-m intervals for use in estimates of in situ primary production rates resolved to the same vertical scale (see below). Percent light depths were assumed to be constant over the course of a single day. Transmission of Q PAR (0 + ) through ice was held constantat 10%.
Pigments
The methods of extraction, analyses, and quantification, based on work by Bidigare et al. [1989] and Wright et al. [1991] , have been carefully described by Moline and Prézelin [1996a] .
In this study, algal pigments were used as taxonomic markers as follows:
was the marker for green algae [Jeffrey, 1976] , alloxanthin (Alio) for cryptophytes [Gieskes and Kraay, 1983] , fucoxanthin (Fuco) for diatoms [Wright and Jeffrey, 1987] , and the sum of 19'-hexanoyl-oxyfucoxanthin (Hex) and 19'-butanoyloxyfucoxanthin (But) for
chromophytesnanoflagellates (including Phaeocystis pouchetii). Although some species of
Phaeocytis may contain significant amount of fucoxanthin [Buma et al., 1991] , there is evidence that this contribution remains low for Antarctic strains [Vaulot et al.,1994; Wright and Jeffrey, 1987] , especially in the Palmer area investigated here [Bidigare et al., 1996] . The possible contribution of Phaeocystis to the fucoxanthin signal is therefore assumed to be negligible. In order to estimate the respective contribution of each taxonomic group, multiple-regression analyses were performed on vertically-integrated taxonomic pigment concentrations (surface to the depth of the 0.1% Q PAR (0 + ) light level) against chlorophyll a [Gieskes et al.,1988; BustillosGuzman et al., 1995] . The regression analyses, performed on the data of each seasons gave the 
Primary Production
Primary production rates for this study were derived from photosynthesis-irradiance (P-I) relationships calculated for each of 756 discrete water samples. The procedures for incubation experimental design, sample handling, and calculation of photosynthetic parameters, as detailed for the 1991-1992 season by Moline and Prézelin [1996a] , were the same used for the 3-year study. These procedures have been shown elsewhere to be largely free of any inhibitory effect induced by exposure to environmental ultraviolet radiation [Boucher and Prézelin, 1996] . The following photosynthetic parameters were derived by curve-fitting the equation described by Neale andRicherson [1987] (See (5) below; incubator light is substituted for the in situ light field) to experimental P-I measurements: P MAX (mg C m -3 h -1 ), the light saturated photosynthetic potential, I k (μmol quanta m -2 s -1 ), an estimate of the minimum irradiance required to saturate
, the efficiency of photoinhibition, and I t (mmol quanta m -2 s -1 ), the irradiance threshold for the onset of photoinhibition. Standard deviation estimates for the P-I parameters were calculated using the procedures described by Zimmerman et al. [1987] . Discrete P-I relationships with estimated standard deviations greater than 25% for P MAX and/or 30 % for α were eliminated from this study.
Each of the P-I parameters were linearly interpolated at 1-m depth intervals between measurement depths and combined with estimated Q PAR (z) for each interval (see above) to calculate primary production. We believe interpolating light data and photosynthetic parameters over small depth intervals (1m) will produce more accurate estimate of primary production than simply using trapezoidal integration between the depths at which P-I parameters were measured.
Trapezoidal integration assumes a linear change of the integrated parameter between two consecutive depths. This assumption is reasonable for biological properties (i.e., photosynthetic parameters). However, this is not suitable to describe the exponential decrease in irradiance with depth. Therefore integrating primary production (as derived from the P-I formulation) over large depth intervals (5-10 m in this study) may lead to significant overestimation of production. In order to avoid this potential error, we calculated primary production at meter intervals and then integrated over depth. In situ primary production for each meter at 2-hour intervals over the day (P (z, t)) was calculated as a hyperbolic tangent [Neale andRicherson, 1987] :
When Q PAR (z,t) the measured integrated in situ irradiance for each 2-hour interval, was less than I t (z) and
When Q PAR (z,t) was greater than I t (z). It was assumed that P-I parameters remained constant over the day. The daily production rate was computed as the sum of the 12 daily 2-hour intervals.
For each depth/time interval, the production performed at light-saturation (*P(z, t)) was defined as follows : when Q PAR (z,t) was greater than I k (z), then *P(z, t) was equal to the computed production P(z , i) and when Q PAR (z, t) was less than I k (z), *P(z, t) was assigned to be 0.
Similarly, *P(z, t) was integrated over time and depth to estimate daily integrated saturated production (*P). The ratio *P/P therefore estimates the portion of the integrated production which occurs under light-saturated conditions.
The depth used for the integration of primary production and chlorophyll a significantly influences the value of ψ* (see (2)) [Campbell and O'Reilly, 1988; Morel, 1991] . For this study, all the ψ* values were calculated by integrating the chlorophyll content and primary production rates down to the 0.1% Q PAR (0 + )) isolume. When the depth of this isolume was greater than the depth of the water column (< 3 % of the profiles), the data were integrated down to the maximum depths available (70 m for station B, 100 m for station E).
When computing ψ* using (2), Q PAR appears both implicitly in the numerator, through the calculation of P, (see (4) and (5)) and explicitly (Q PAR (0 + )) in the denominator. Therefore production and light are not independent variables in a statistical sense. Nevertheless, comparison between simulated in situbased and P-I-based primary production estimates has been shown to be identical for this particular study site [Boucher and Prézelin, 1996] . This result is reassuring in estimating ψ* using P-I-based primary production estimate. It remains clear, however, that using the P-I technique is the most efficient method to generate highly resolved spatial and temporal primary production databases. The high number of samples collected is particularly important in the frame of this study since our goal is to examine the sources of variability in ψ*.
Results
Input Data for ψ* Calculations
The sampling days in this study incorporate the wide range of seasonal light changes responsible for high rates of in situ productivity (7.3 g C m -2 d -1 ), followed by a 6-week period of low productivity. This pattern in biomass and productivity was not repeated in subsequent years where lower biomass (60 and 68 mg Chl a m -2 for the 1992-1993 and the 1993-1994 seasons, respectively) and productivity maximum (1.9 and 1.1 g C m -2 d -1 , for the [1992] [1993] and the 1993-1994 seasons, respectively) were recorded during spring-early summer (note change of scales in Figure 4 for the 1992-1993 and 1993-1994 seasons) . Despite this interannual variation in phytoplankton biomass and primary production, a quite reproducible annual pattern was recorded for the temporal evolution of the phytoplankton community structure (Figure 4 ).
For the three seasons investigated, diatoms were always the dominant community for late spring/early summer with a transition to a cryptophyte-dominated communities in mid to late summer. Late winter conditions (as investigated for the 1993-1994 season) or fall conditions (as investigated for the 1992-1993 season) were characterized by an equal dominance of diatoms and nanoflagellates (Figure 4 ). Green algae were present at only a background level throughout the whole study (Figure 4 ).
The variable presence of terrigenous particles (including glacial flour in the Antarctic) and dissolved organic carbon (DOC) can alter optical properties of Antarctic waters in general , including our study site [Moline and Prézelin, 1996a] . As a consequence, the amount of light available for photosynthesis may be reduced and thereby may be a potential source of influence on Ψ *. We employed the relationship from Morel [1988] to discriminate between case I (those where phytoplankton and their derivatives play a dominant role in determining optical properties) and case II (where the optical properties are mainly governed by other substances than phytoplankton and their derivatives) waters in our present data set. Figure 5 shows the relationships between measured euphotic zone depth (Ze) and the corresponding mean Chl content in this layer. Of the total determinations, 75% of the observations were performed for typical case I waters. If profiles which were ice covered are removed, as ice may bias estimation of the light attenuation, then 80% of the profiles sampled were in case I waters. Therefore, despite the proximity to the coast, most of the observations were under little influence from terrigeneous material or DOC. Nevertheless, for 20 % of the profiles, attenuating particles other than phytoplankton biomass may have influenced water optical properties and thereby potentially primary production and resulting estimates of Ψ*.
Estimation of Ψ*
For the entire data set, 85% of the variance recorded in primary production was explained by the product of <Chl> and Q PAR (0 + ) ( Figure 6 ). The regression line has a negligible intercept and a slope (which is an estimate of Ψ*) of 0.0695 m 2 g Chl a -1 . This value typically falls in the range of Ψ* estimates from various tropical and temperate open oceans [Piatt, 1986; Morel, 1991] and is close to the values reported by Prasad et al. [1995] for coastal waters of the Gulf of Mexico.
The frequency distribution of Ψ* was found to be nonnormally distributed, with a median of 0.088 m 2 g Chl a -1 and an average of 0.109 m 2 g Chl a -1 ± 0.075 (Figure 7 ). This average
value corresponds to what is considered as an upper limit for Ψ* [Piatt, 1986; Morel, 1991] . The range of variation at 1 standard deviation extends over a factor of 5.4 (compared to threefold for temperate and tropical area) and the extreme values recorded in this studies extend over a fiftyfold range (0.009-0.488 m 2 g Chl a -1 ). The sources of this high variability in Ψ*, which seems to be a particular feature of this region, will now be further detailed.
Sources of variability in ψ*
Results focus on two kinds of variables; those which are explicit in the formulation of Ψ* in (2) (e.g., <Chl>, Q PAR (0 + )) and those which are implicit in this formulation and affect the rates of primary production (i.e., the taxonomic composition (and associated absorption and efficiency properties) and the in-water light field (as influenced by pigments and/or other substances)). The problem in identifying (and quantifying) sources of variability is that (1) forcing variables occur simultaneously and (2) their effects are not simply additive but result from complex, nonlinear interactions. Therefore we will first focus on known sources of variability in Ψ* (surface irradiance, as affected by cloudiness and seasonality) and then selectively remove the influence of this variability before identifying other potential sources and their associated effects on Ψ*.
This is the first time such a stepwise approach has been used on field data, and the only comparable results are those modeled by Morel [1991] and the subsequent analysis performed by Antoine and Morel [1996] .
Cloudiness. Cloud coverage was responsible for high day-to-day variations in the surface irradiance (see above and Figure 3 ). The reduction of incident irradiance by clouds had a positive effect on Ψ* (Figure 8 ), confirming previous modeled results [Morel, 1991] . (from physiological adaptation to species changes). In fact, these two weeks have been identified as a critical timescale for quantitative and qualitative phytoplankton changes in this highly dynamic region [Moline and Prézelin, 1996a] .
The range of variation in Ψ* for the entire data set (as estimated from the empirical polynomial function reported in Figure 10 ) varies over sixfold, which confirms previous modeled results [Morel, 1991] , and illustrates the importance of seasonal changes for highlatitude regions. Additionally, this sixfold range can be considered as a lower limit since the highest values, associated with ice conditions, are minimal estimates because light transmission through ice was often lower than the 10% used here. To our knowledge, the only other study attempting to highlight potential seasonal changes in column photosynthetic cross section on the basis of field measurements was by Campbell and O'Reilly [1988] . No clear seasonal relationships appear in their data and this likely results from the latitude of the study (along the northwestern Atlantic continental shelf, 36°-44°N), where the range of seasonal variation in surface irradiance (less than threefold) is lower than in the present investigation (more than sevenfold).
If the data set is restricted to a period of 2 months centered around the summer solstice (removing seasonal effect) (November 21 to January 21), the frequency distribution of Ψ* (for clear-sky condition) is near normal, where the median (0.060 m 2 g Chl a -1 ) nearly equals the average (0.064 m 2 g Chl a -1 ± 0.027) (Figure 11 ). The range of variation at 1 standard deviation is now 2.5, which is below the range reported for a compilation of data from various provinces [e.g., Piati, 1986] . It is interesting to note that the model of Morel [1991] , using standard parameters for characterizing phytoplankton photophysiology, adequately reproduces the mean value recorded in the field as well as explains a great part of the variability. The principal determinant source of variability in this model is linked to the surface irradiance variation as driven by seasonality and cloudiness, while trophic status as characterized by chlorophyll concentration has little impact on the recorded variability [Morel, 1991] (see later).
Even with the seasonality and cloudiness removed, significant variability still exists in Ψ* (Figure 11 ). This variability is likely due to biology and to the possible variations in phytoplankton photophysiology.
Chlorophyll a concentration. The large range of chlorophyll concentration over the 3 years (average water column chlorophyll from 0.11 to 19.08 mg Chl a m -3 ) provides an opportunity to test a potential biomass effect on Ψ*. In order to reduce any influence from other sources of variability, here we consider only the Ψ*data computed for clear-sky conditions (removal of cloud effect, Figure 8 ) for the 2-month period around the summer solstice (removal of the seasonal effect, Figures 2 and 10) . We further restricted the data set to quasimonospecific populations to minimize group-specific effects on Ψ*, which will be shown later to be significant. Data were partitioned according to a Chl threshold of 2 mg Chl a m -3 . For diatomdominated communities, when CPU increased of a factor 7 (from 1.1 to 7.3 mg Chl a m -3 ), Ψ* decreased by a factor 1.7 (t-test, p < 0.02) ( Table 2) . Such a reduction in Ψ* associated with increasing chlorophyll biomass is higher than expected from modeled results [Morel, 1991] , which predict a reduction in Ψ* of only approximately 10 % for the same biomass range. For cryptophyte-dominated communities, the range of chlorophyll concentration investigated here is only 3 (from 1.3 to 3.8 mg Chl a m -3 ) and a associated reduction of a factor 1.5 (t-test, p< 0.02) is also observed (Table 2) .
Phytoplankton community structure. Because of taxonspecific physiological differences, species dominance and succession can be viewed as an adaptation to changing environmental conditions.
One may consequently wonder if the column photosynthetic cross section is dependent on the dominant taxon. Such a taxonomic dependency on Ψ* was mentioned by Balch and Byrne [1994] as a possible explanation for the recorded regional variations. But such comparisons suffer from the possible interference of seasonality in surface light or from some biomass effect (see above). Therefore the data set was again restricted to the period around the summer solstice (November 21 to January 21), and the samples were partitioned according to a Chl threshold of mg Chl a m -3 (Table 2 ). In order to deal with quasimonospecific populations, only those data where a single taxonomic group contributes to more than 70% of the chlorophyll biomass were considered. Using such restrictions, the data set is limited; however, it clearly shows that Ψ* for diatoms was 2.15 times higher than for cryptophytes (p < 0.001) when
Chl was lower than 2 mg Chl a m -3 and 2 times higher when Chl was greater than 2 mg Chl a m -3 .
Therefore we can conclude that for the same amount of chlorophyll in the water column and for the same incident irradiance, daily integrated primary production is depressed by a factor of 2 when cryptophytes replace diatoms.
Discussion
The Southern Ocean is a particularly challenging environment for which it is a tedious task to acquire in-water data sets capable of adequately resolving the temporal variability in primary production on interannual, seasonal, and subseasonal timescales. The difficulties arise, in part, to the remoteness of the study sites, the extreme working conditions, and the laborintensive aspects of making simultaneous measurements of primary production and the associated environmental variables which may influence rates of in situ carbon fixation. The rationale for acquiring such data sets, like that employed in the present analysis, is to provide means to test remote-sensing algorithms which have been developed using ground truth data from other latitudes and thereby extend the ability to make temporal and spatial estimates for primary production in the Southern Ocean. Satellite imagery has provided chlorophyll biomass maps which detect the presence and distribution of episodic phytoplankton blooms in various regions of the Southern Ocean Sullivan et al., 1993; Arrigo andMcClain, 1994] . For waters west of Palmer Peninsula, where the Palmer Long Term Ecological Research
Program has maintained a mesoscale grid of sampling stations since 1990 [Waters and Smith, 1992] , patterns of chlorophyll distribution measured during the offshore LTER, Icecolors cruises Bidigare et al., 1996; Smith et al, 1996a] agree well with the historical (pre 1986) satellite imagery for the same region [Smith et al, 1996b] . Converting such chlorophyll maps into primary production maps requires the knowledge of the efficiency at which incident irradiance is utilized to drive marine photosynthesis and thereby convert inorganic carbon into stored, chemical energy.
Predicting Primary Production From Chlorophyll and Surface Light Fields
The results of our analyses of the LTER coastal data set for 1991-1994 clearly show that the product of incident irradiance and the integrated chlorophyll content is a good predictor of integrated daily primary production rates, as it explains 85% of the recorded variance ( Figure 6 ). Figure   6 (Ψ* =0.0695 m 2 g Chl a -1 ) are equal to what is generally considered as standard for temperate and/or tropical areas [Morel, 1978; Piatt, 1986] . Therefore the standard value of 0.07 m 2 g Chl a -1 appears to be accurate for first-order mapping of production rates from synoptic estimates of chlorophyll biomass and from incident irradiance for this area. Moreover, we demonstrate ( Figure 5 ) that most of the sampling stations (75%) were typical of case I waters (this contribution was even greater (80%) if sampling date with ice was removed). Therefore, although the present data set was collected from nearshore stations, our conclusions may also be considered relevant to open ocean waters of the Southern Ocean.
The close agreement between estimates for Ψ* in warmer waters and the Palmer region suggests that the temperature effect on Ψ* is minimal; this, however, is still a matter of controversy. While Tilzer et al [1985] and Li [1985] suggested that photosynthesis rates in polar phytoplankton are temperature limited, other results have shown otherwise [e.g., Priddle et al, 1986] . Furthermore, it is accepted that respiration rates are more strongly affected than photosynthetic rates by depressed temperatures [Tilzer and Dubinsky, 1987] . Consequently, in polar regions, gross production is expected to be closer to net production than in tropical/temperate areas. Therefore the likelihood that our gross (because of short incubation time) production measurements approximate net (long incubation time) production increases the validity of comparing our Antarctic V* estimates with those from warmer latitudes where net primary production measurements generally dominate the data sets used for Ψ* calculations.
Light-Saturated Versus Light-Limited Photosynthesis and Ψ*
Studies attempting to link biooptical algorithms to the mechanistic understanding of primary production have emphasized the importance of Ik [Piatt, 1986; Piatt and Sathyendranath, 1993; Morel et al, 1996] , the irradiance level at which primary production begin to be saturated. Over this 3-year sampling period, almost 50% of the production was performed at saturation (Figures 12a and 12b) , and this proportion is even higher when the data set is restricted to a period of 2 months encompassing the summer solstice (November 21, January 21
( Figures 12c and 12d ). This finding has important consequences related to the reduction of irradiance, either incident (by clouds) or in-water (by other substances than phytoplankton in case II waters), and its effect on primary production and Ψ* evaluation. Consider a hypothetical case where production is exclusively light dependent (this means, at each time of the day and at each depth, production is performed on the light-limited portion of the P-I relationship). Any decrease in surface irradiance (i.e., cloud cover) would be reflected by a proportional decrease in the production (equation (4)) and therefore no change in Ψ* (equation (2)). However, this was not seen in this study, and the strong nonlinear relationship observed between cloud transmittance and the ratio of Ψ* for measured and clear-sky irradiance (Figure 8 ) is a direct consequence of the part of primary production lying outside the light-limited range (Figure 12 ).
Due to the large variability of cloud transmittance on a daily scale (Figure 3 ), accurate estimation of primary production from chlorophyll fields therefore requires precise knowledge of the incident irradiance.
In this hypothetical case of totally light-limited production, any reduction of the in-water light field by non-phytoplankton sources would result in a proportional reduction in primary production for the same surface irradiance and chlorophyll concentrations. Consequently, Ψ* would be proportionally reduced. Because a large proportion of production was performed on the light-saturated range in the present study (Figure 12 ), we may expect a reduction of the in-water light field not to have a strong effect on Ψ*. This possible influence of the water types on Ψ* has never been addressed. To approach this problem, we first used the regression line (see Figure 5) given by Morel [1988] (discriminating between case I and case II waters) to calculate the chlorophyll content for each sampling date from the (known) euphotic zone depth. The measured chlorophyll content was then ratioed with this calculated quantity. The ratio was expected to be an index for the type of water, with ratio values lower than 1 characterizing case II waters (left side of the line on Figure 5) , and values greater than 1 describing case I waters (right side of the line on Figure 5 ). As this index increased, the average values of Ψ* (computed for clear-sky conditions and for the period around the summer solstice) increased slightly; however, the trend is not significant (Figure 13 ). This results not only from the high proportion of saturated production in the water column ( Figure 12 ) but also from the fact that case II waters in this study
were not strongly departing from case I waters, from an optical viewpoint. A more general conclusion from this result is that the use of Ψ*-based approaches to estimate primary production can be extended from case I to some moderately turbid case II waters, as long as a significant portion of the production is performed at saturation.
Ψ* and Photophysiological Properties
Dependence of Ψ* on α β . On the basis of theoretical considerations, Platt [1986] argues that the light utilization index (see (1)) can be considered, as a first approximation, to be proportional to (Figure 14b ). Any increase in α B is associated with a proportional increase in P B MAX Consequently, for primary production evaluation, any increase of ä e will be roughly followed by a proportional increase in production, whatever the portion (light-limited or light-saturated) of the P-I relationship production occurs.
Another conclusion from Figure for Antarctic waters [Smith and Sakshaug, 1990 , and references therein] and specifically for the Palmer region [Smith et al., 1996b, and references therein] .
Chlorophyll a range and Ψ*. For typical diatomdominated conditions, Ψ* was depressed by a factor of 1.7 when chlorophyll concentration increased from 1.1 to 7.3 mg Chl a m -2 (Table 2) .
From (3), such variation in Ψ* can be analyzed in term of the change in the absorption term (ā *) and quantum yield (Φ*). From in situ investigations, it has been shown that the maximum quantum yield for photosynthesis decreases with decreasing nutrient concentrations [e.g., Cleveland et al, 1989; Babin et al., 1996] . Since nitratereplete conditions are a well-known feature of Antarctic waters, we can therefore argue that nitrate limitation, as possibly influenced by the trophic status (chlorophyll concentration), did not affect the maximum quantum yield.
Moreover, the theoretical study of Morel [1991] emphasizes that Φ* (which differs from the maximum quantum yield as it is an operational quantum yield) does not significantly change with chlorophyll concentrations ranging from 1 to 7 mg Chl a m -3 . In the present study, the reduction in Ψ* associated with increasing biomass ( (nonsignificant changes), Table 3 ). It seems therefore that the column photosynthetic cross section is depressed with increasing chlorophyll biomass, while photosynthetic performance remains nearly unchanged. We can reasonably suspect that most of the variation recorded in Ψ* with increasing chlorophyll is therefore related to the absorption term a*. The estimation of true chlorophyll-specific absorption by phytoplankton was not evaluated as part of this study, and only a reconstructed unpackaged spectrum can be obtain from the pigment data (see below).
Nevertheless, a recent synthetic analysis performed by Bricaud et al. [1995] emphasizes that chlorophyll-specific absorption decreases with increasing chlorophyll concentration and that this variation is likely due to (1) increasing of packaging and (2) decreasing of accessory pigmentation. Bricaud et al. [1995] demonstrated that, on average, chlorophyll-specific absorption by phytoplankton can be predicted from chlorophyll concentration using an empirical power law function. By using this proposed function, the computed specific absorption coefficient (here calculated at 440 nm) decreases by a factor of 1.87 for chlorophyll range from 1.1 to 7.3 mg Chl a m -3 (Table 3 ). Assuming that Φ* was affected little by increasing chlorophyll concentration, we can conclude that a reduction in the overall specific absorption coefficient as a result of increasing packaging effect may account for most of the 70% reduction in Ψ* associated with the biomass increase (Table 3) .
Dominant taxa and Ψ*. When diatoms were dominating the phytoplankton community, the water column was twice as efficient in converting solar energy into chemical energy as when cryptophytes were dominant ( (Table 2 ). Pigmentation differences of both algal groups provide additional information. Cryptophytes contain phycobiliproteins [Rowan, 1989] , providing a competitive advantage over diatoms for green-light harvesting (i.e., bloom conditions). The primary carotenoid of diatoms is the photosynthetic fucoxanthin, and for cryptophytes it is alloxanthin [Rowan, 1989] , which is considered to be photoprotective [Marra and Bidigare, 1994] . The photoprotective function prevents a nonnegligible portion of absorbed light from being directed to reaction centers and used for photosynthesis. This proportion was estimated for both phytoplankton groups using the comparison of a spectrally averaged (pertinent to the incubator light field) chlorophyll-specific absorption coefficient with (ā *) and without (ā * act ) the contribution of photoprotective pigments (Table 3) . The data set is restricted to the period Nov 21 to Jan 21 of any given year 1991-1994, and only those samples where a taxonomic group contribution equals to > 70% of <Chl> are considered (see Table 2 ). Values are reported as the mean ± 1 standard deviation.
a Data are grouped according to a Chl threshold of 2 mg Chl a m -3 (see Table 2 ). b Spectrally averaged absorption coefficients were derived from spectral reconstruction procedures [Bidigare et al., 1990] , using mean pigment concentrations.
These coefficients are determined from reconstruction techniques based on the concentration of individual liposoluble pigments [Bidigare et al, 1990] . A comparison of ā *or ā * ACT for diatoms and cryptophytes is not strictly relevant here since the absorption contributions of cryptophyte hydrosoluble phycobiliproteins, not quantified in this study, are not taken into consideration (therefore the coefficients estimated for cryptophytes are lower limits). Nevertheless, relative comparison of ā *and ā * ACT for the same taxon can be done. If photoprotective pigments of diatoms (diadinoxanthin and diatoxanthin) are not taken into consideration, the resulting ā * ACT decreases by less 7% for the two chlorophyll concentrations investigated (Table 3 ). The contribution of alloxanthin in cryptophytes produces a reduction of nearly 20% for the same conditions (Table 3) . In other words, about 20% of the absorption by cryptophytes is not efficient for photosynthesis, even though this absorption contributes to light attenuation in the water column. A comparison between cryptophytes in these polar waters (or more generally in coastal waters) and cyanobacteria in oligotrophic waters can be made. Both contain phycobiliproteins and their main accessory carotenoid (zeaxanthin in cyanobacteria) is believed to be nonphotosynthetic, if not truly photoprotective [Bidigare et al., 1989; Babin et al, 1996] . Therefore, any quantum yield estimate which makes use of true absorption measurements is lowered by the presence of nonphotosynthetic pigments [e.g., Bidigare et al, 1989; Lindley et al, 1995; Babin et al, 1996] . In (3), the ψ taxonomic differences recorded between diatoms and cryptophytes could be principally due to differences in efficiency (Ф*) resulting from changes in photosynthetic performance. For cryptophytes, these reductions in efficiency could be partly due to the contribution of the nonphotosynthetic alloxanthin.
Conclusions
The present study shows that for coastal Antarctic waters, the product of integrated chlorophyll content by surface irradiance is, to a first order, a good predictor for daily integrated rates of primary production. Given the weak influence of terrigeneous substances on the optical properties of these waters, a constant value for ψ of 0.07 m2 g Chi a -1 may therefore provide reasonable estimates of primary production for the Southern Ocean, using light and chlorophyll fields. Analysis of the variability of ψ, however, has highlighted the importance of incident light variations, driven by seasonality and cloudiness. The remainder of the variability (more than a factor of 2) can be explained by changes in phytoplankton composition and associated photophysiology. It was indeed very clear from this study that the water column efficiency in trapping and converting solar energy into organic matter is greater when diatoms dominate the community as compared to cryptophytes or other flagellate species. This observation is restricted to the present data set, but it nevertheless emphasizes the need to account for taxonomic differences in the development of future biooptical models, if the goal is improved accuracy in primary production estimates. Incorporation of the taxon level in these models is another way, albeit not basically different, to partition the open ocean in biogeochemical provinces where specific parameterization may be applied [Piatt and Sathyendranath, 1991] . There are a number of studies which make ihn discrimination of phytoplankton taxa by optical techniques a likely outcome in the future. For example, combined information on temperature and water color by remote sensing may allow tracking of new production [Sathyendranath et al, 1991] , particularly in upwelling systems [Dugdale et al, 1989] . The dominance of diatoms over other phytoplankton taxa in these productive areas is now widely acknowledged [Chisholm, 1992; Claustre,1994] .
Blooms of coccolithophorids (e.g., Emiliania huxleyi), as often observed in the North Atlantic, may be discriminated from other taxa by the high reflectance generated by their cocoliths [Balch et al, 1989] . Finally, the particular case of cryptophyte-dominated and of phycobiliprotein algaedominated communities in general may certainly be treated in the future in a more efficient way.
Given their particular pigmentation, these phytoplankton will be easily distinguishable from other groups by optical techniques. Moreover, the primary carotenoids of these algae are believed to be nonphotosynthetic. With the goal of improving the accuracy of biooptical models, these particular characteristics may be accounted for by using two different absorption spectra :
(1) to propagate the light with depth, the use of an absorption spectra relevant to these phytoplankton groups rather than a standard spectrum may be more accurate, and (2) to account for light utilizable for photosynthesis, scaled fluorescence excitation spectra could be used as an alternative method [Sakshaug et al,1991] . Consideration of the photophysiological and biooptical peculiarities of taxonomic groups to improve biooptical production models is a promising area of study, even at a global scale.
